
The Transition to Clean Technologies in a Stylized Integrated
Assessment Model of Climate Change

Jörg Leiba,∗, Simon Buckleb

aGrantham Institute for Climate Change, Imperial College London, London SW7 2AZ, United Kingdom
bGrantham Institute for Climate Change, Imperial College London, London SW7 2AZ, United Kingdom

Abstract

We develop a stylized integrated assessment model of climate change that adopts sus-

tainable preferences, uses an additive damage function, models abatement expenses as

an investment in mitigation capital, includes adjustment costs that inhibit its adoption

at a large scale and considers a precautionary approach to avoid catastrophic climate

damages. The novel modelling framework allows analytical solutions in the cases of

no adoption, partial adoption and a complete transition to a clean technology. Clean

technology adoption always increases the growth envelope of an economy, whereby clean

capital investment crowds out dirty capital investment. If investment resources are lim-

ited, it is possible that dirty capital investment exceeds the optimal level of all other

mixed technologies scenarios. The adoption of a clean technology may not lead to lower

cumulative carbon emissions, unless emission-saving technical progress raises the concern

for long-term climate damages.
Keywords: Climate change, Integrated assessment modelling, Sustainable preferences,

Cumulative carbon targets, Economic growth

1. Introduction

Integrated assessment models (IAMs) of climate change that combine a climate and

an economy module have stimulated and enriched the transdisciplinary dialogue on the

climate problem. Members and followers of the DICE/RICE model family [DICE: (Nord-

haus [31, 33]); RICE: (Nordhaus and Boyer [34], Nordhaus and Yang [35]); ENTICE-BR
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(Popp [38, 39]); FEEM-RICE (Bosetti et al. [9]); WITCH (Bosetti et al. [10, 11])] adopt

a general equilibrium framework, in which a representative agent chooses the emissions

abatement path that maximizes welfare over time. Other IAMs such as PAGE (Plambeck

et al. [36], Hope [22]) or FUND (Tol [45, 46]) focus on richer specifications of the climate

module to forecast outcomes of exogenous mitigation scenarios.

The Stern Review’s recommendations for strong climate mitigation action (Stern [43])

that drew on simulation results from PAGE prompted significant debate and subsequent

reflection. In particular, Nordhaus argued that the aggressive mitigation policy action

Stern advocated would impose excessive costs on the current generation and was only

justified by the latter’s assumption of a near-zero pure rate of time preference, which

gave undue weight to climate damages in the far future (Nordhaus [32, 33]). In DICE,

Nordhaus calibrated this key parameter on the (higher) market interest rates and found

support for only modest mitigation efforts in the short term, gradually ramping up over

time.

As Dasgupta [16] noted, in this context the economics of intergenerational welfare

raises more questions than it is able to answer satisfactorily, highlighting the difficulties

with another key ethical parameter in the consumption discount factor - the elasticity of

the marginal utility of consumption, for which Nordhaus [33] and Stern [43] assumed also

different values. This parameter does not only reflect preferences towards intertemporal

inequality, but also serves as an index of spatial inequality and risk aversion in standard

climate economic models (Dasgupta [16]). Risks of large-scale and irreversible change in

the climate system of course are another motive for strong mitigation action, though the

right way to conduct formal economic analysis of such risks is not entirely clear (Heal

[21], Dasgupta [16], Weitzman [49]).

Additional dimensions of the mitigation question were highlighted by Sterner and

Persson [44], who showed how the inclusion of ecosystem goods and services could result

in an even stronger case for mitigation action than argued for by Stern. Using Nordhaus’

DICE model, they incorporated ecosystems goods and services into a modified utility

function and showed that, when such environmental goods were not fully substitutable
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by manufactured goods, the optimum policy might be stronger mitigation than Stern’s

choice of discount parameters would justify, even with high values for the key consumption

discount parameters.

Subsequent and related work by Weitzman [51] has illustrated the large sensitivity of

mitigation policy conclusions to the precise modelling of climate damages within climate

economics models; additive climate damages appear optimally to support a far higher

level of mitigation action than multiplicative damages, which are the standard approach

within most IAMs cited above. Weitzman did not however identify a compelling reason

to favour one formulation over the other - an example of structural uncertainty within

climate economics.

In an effort to give greater precision and rigour to the notion of sustainable develop-

ment, Chichilnisky [14] several years ago formalized the notion of sustainable preferences

as an alternative welfare criterion that favours neither the present nor the future in terms

of intergenerational equity. The potential importance of the sustainable preferences ap-

proach for climate change economics was clear (Heal [20]), yet IAMs have been formulated

almost entirely within the discounted utility paradigm (Ackerman et al. [1]). Amidst this

complex and still evolving theoretical background, there is clearly a need for further work,

both within and outside the Utilitarian framework.

We have designed a stylized integrated assessment model in order to respond to some

criticisms brought forward against the assumptions and results of existing IAMs. In

common with them, it combines an economy with a climate module to determine the

optimal emissions path. We have not sought to produce numerical estimates of optimal

mitigation trajectories, but develop a conceptual model of climate change1. With our

stylized IAM SLICE2, we make a contribution on five distinct levels.

First, we take sustainable preferences seriously and create a stylized modelling frame-

work in which the discounted present value of a consumption stream is balanced against

the long-term climate damages resulting from this polluting economic activity. To our

1Referring to the distinction between a “conceptual model” and a “descriptive model” in the climate
context, elaborated by DeCanio [17].

2For ”StyLized Integrated assessment model of Climate and the Economy”.
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knowledge, this is the first application of sustainable preferences to the adoption of clean

technologies in response to climate change economics, though Beltratti et al. [8] used this

approach to analyze optimum harvesting of exhaustible environmental resources. SLICE

builds on earlier work (Buckle [12]) that adopts a sustainable preferences approach to

show that the concept of a cumulative carbon emissions target has an ethical interpre-

tation, reflecting an implicit trade-off between the discounted short-term welfare and

long-term climate damages.

Second, climate damages and abatement measures are assumed to be additive rather

than multiplicative. The latter approach is in some respects problematic, for example it

raises the question of the relationship between climate damages and GDP, as noted by

Heal [21], e.g. values of land lost to rising sea levels may scale independently of GDP.3

Furthermore, any damage function that relates the size of climate damages to economic

output, as the damage functions of the DICE/RICE model family and PAGE do, must

arguably fail to take account adequately of the impacts of climate damages to natural

capital and the flow of services they yield, which are not included in standard GDP

calculations. Additive damages open up the possibility that the economy will suffer

significant impact to its manufactured and its nature capital stock4 or might even be

completely overwhelmed by climate damages, either in the short or long term (or both).

Our third contribution is in the way in which we model technological change. Stanton

et al. [42] note that mitigation expenditure is modelled in many IAMs as being equivalent

to a pure loss of income. It is treated as a one-time event, and the resource spent on it

irreversibly lost, as it is the case in DICE2007 (Nordhaus [33]). One of the main problems

with this approach is that it builds in a bias against mitigation action by ignoring the

accumulation of new types of clean capital that act as production factors in their own

right (Stanton et al. [42]). To address this critique, clean technology is modelled here

as a new form of durable capital that may be more expensive than the existing dirty

technology, but which can also be used for production.

3An equivalent criticism applies to the common habit of predicting abatement expenditures as a
fraction of future, unknown GDP.

4No mainstream IAM and neither SLICE model the nature capital stock explicitly.
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Fourth, we also include the possibility that new clean technologies will incur quali-

tatively new types of costs, at least in their initial stages. The scale of emissions reduc-

tions now generally considered necessary will require systemic technological and societal

change, and a whole-system approach to designing both supply and usage of energy will

be critical. This new paradigm will be demanding and is likely to involve new types of

technical and political costs, i.e. adjustment costs, which have to be borne in order to

overcome current technology lock-ins (Stanton et al. [42], Foxon and Pearson [19], Kemp

[26]).

Finally, by incorporating a discontinuity in the damage function, SLICE acknowl-

edges the possibility that exceeding a certain threshold of cumulative carbon emissions

may lead to disastrous, non-managable consequences of global warming. One problem

for IAM modellers is how to embed the risk of catastrophic impacts adequately, since sci-

ence cannot estimate with certainty when rising temperature might reach thresholds or

so-called “tipping points”, triggering possibly major and potentially irreversible changes

to the Earth System, such as the possible collapse of the West Antarctic Ice Sheet that

is likely to lead to significant sea level rise.5 Stanton et al. [42] acknowledge the attempt

of the DICE2007 model to take the increasing probability of catastrophic events into

account, but its deterministic, expected-value based damage estimates are questionable.

Weitzman [50] warns that standard cost-benefit analysis based on expected utility theory

fails to represent the unknown low-probability, high-impact aspect of disastrous climate

damage adequately, since such extreme disasters would lead to the “devastation of the

planet in a science-fiction dystopia” (Ackerman et al. [1, p. 311]). The bare possibil-

ity of such an occurrence is unacceptable and therefore the unprecedented welfare loss

associated with these disasters should arguably not be averaged (Weitzman [50]). This

type of approach is reflected in the recommendations of the UK Committee on Climate

Change that recommends reductions in UK greenhouse gas emissions consistent with a

50:50 chance of meeting a 2°C target by the end of 2100 and with only a small risk of

exceeding a 4°C increase (UK Committee on Climate Change [48]). Some scientists have

5Lenton et al. [28] discusses tipping elements and surveys their possible tipping points.
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argued that a cumulative carbon target provides a more robust policy target than either

the level of emissions or atmospheric concentration.6 Ackerman et al. [1] also discuss such

a precautionary approach and point out the consequence that climate change economics

would then no longer aim at computing optimal emissions from marginal cost-benefit

analysis, but assess the least-cost abatement strategy to achieve a given target. SLICE

allows us to consider the implications of a scenario in which the social planner imposes

such a precautionary limit to cumulative CO2 emissions.

The remainder of this article is structured as follows. In the next section, we set

out the model and the general optimization problem under sustainable preferences. In

section 3, we analyze the optimal solutions to different scenarios, which differ in the

scale of clean technology adoption. We furthermore investigate the impacts of a resource

constraint and a carbon constraint and briefly discuss the implications of alternative

formulations of sustainable preferences. After discussing the robustness of our results in

section 4, we offer concluding remarks.

2. The model

2.1. Utility and consumption

A social planner is assumed to maximize the welfare of a constant world population

intertemporally in two periods - the present t and the near future t+ 1 - and in the long

term T. Utility in each period, Ut, is gained from world-aggregated consumption Ct :

Ut(Ct) = Ct. (1)

Linear preferences form a special case of the Constant Elasticity of Substitution (CES)

utility function, Ut = c1−σ
t

1−σ with σ = 0.7 This characterizes the extreme case where

6Due of the large uncertainties in the carbon cycle, the emission target corresponding to a target for
the atmospheric CO2 concentration at a certain point in time is hard to identify; furthermore, even if
the concentration target is met, the temperature response aimed for may not ensue given the incomplete
understanding of the climate system. For these reasons, some scientists argue in favour of absolute limits
to cumulative CO2 emissions, rather than emissions or concentration targets to be met at a certain point
in time (Allen et al. [4, 5], Meinshausen et al. [29], Zickfeld et al. [52]).

7Note that Dasgupta [15] contests σ = 1 as too low, while Sterner and Persson [44] argue that already
this value has quite radical implications and cost-benefit analyses are often practically conducted as if it
was zero.
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consumption enjoyed at different points in time is perfectly substitutable.8 We require a

minimum consumption level f to ensure that in both periods there are sufficient resources

left for this purpose:

Ct ≥ f. (2)

2.2. Production, investment and adjustment costs

Production takes place in the present and near-future only. A single aggregated output

good Yt is created using two capital stocks, a traditional, “dirty” capital stock Kt and a

clean(er) mitigation capital stock Mt. These are assumed to exhibit the same constant

productivity, p > 0, and act as perfect substitutes in production, but differ in their cost.

This could either be due to differences in fabrication methods (e.g. energy efficiency) or

alternative power generation technologies, which are not modelled explicitly. There is no

depreciation and the constant labour force is normalized to one. We make no assumption

about whether the agents are infinitely lived or whether they will be succeeded after those

two periods by another generation of the same size. All capital after production at t+ 1

is consumed.

Production in periods t and t+ 1 yields output determined by the level of capital at

the beginning of the period:

Yt = p(Kt +Mt)α ≡ pV α
t , (3)

where Vt is the total capital stock deployed in production at t. Through most of the

analysis we will assume constant returns to scale, hence α = 1, which leads to an AK

type production function. The AK model is a simple endogenous growth model that

usually displays long-run economic growth even in the absence of technological progress,

in contrast to neoclassical growth models (Barro and Sala-i-Martin [7]).9

8Likewise drawing upon a linear utility function to generate analytical solutions, Lecocq and
Shalizistress that “the national climate bill (the costs of mitigation, proactive adaptation, reactive adap-
tation and remaining ultimate damages combined) must remain limited relative to national income - say
less than 10% - so that utility can be considered linear in expenditures” (Lecocq and Shalizi [27, p. 15]).

9This characteristic is due to the fact that the AK model does not exhibit diminishing returns to
capital, which is interpreted broadly to include both manufacturing and knowledge capital.
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While dirty capital accumulation takes place in the standard way, clean capital ac-

cumulation is more expensive for two reasons. First, per-capital unit investment costs

diverge by a price differential ζ > 0, reflecting the fact that low-carbon generation is

usually more expensive than fossil-fuel generation. This is the standard story and ac-

knowledged in mainstream IAMs. Second, because adjustment costs are incurred when

low-carbon technologies are introduced, e.g. from co-ordination difficulties across sectors

and technologies; from the need for new networked infrastructures, such as electrical ve-

hicle charging networks or pipelines to transport CO2 to sequestration sites; or because

of political costs in overcoming resistance from firms and/or households that defend the

status quo. Adjustment costs are scaled by Ψ > 0 for any investment in the mitigation

capital stock, but do not apply to disinvestments.

Capital investment costs incurred in period t to build up the next period’s capital

stocks Kt+1 and Mt+1 are therefore:

Icostt = (Kt+1 −Kt) + (1 + ζ)(Mt+1 −Mt) + Ψ
2 (Mt+1 −Mt) ·max (Mt+1 −Mt; 0) . (4)

2.3. CO2: flows and stocks

Economic activity generates different types of greenhouse gases (GHGs), which com-

prise among others carbon dioxide, methane and nitrious oxide. These GHGs differ in

their origin, their photochemical properties, atmospheric concentration, life time in the

atmosphere and consequently their global warming potential. Due to the world’s large

dependency on fossil fuels and, to a lesser extent, land-use change, economic growth has

required increasing emissions of CO2 (International Energy Agency [23]). Once CO2 is

in the atmosphere, large fractions stay there for thousands of years (Archer and Brovkin

[6]). Since approximately 75% of realized and potential global warming is ascribed to

CO2 (Rogner et al. [41]), we focus our analysis on CO2; other GHGs lie outside of the

model scope.

Every production process that involves conversion of materials requires energy. Given

that capital accumulation is one of the major drivers of economic growth and machine
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capital is needed to process material conversions, we use the capital stock as a proxy for

the amount of CO2 emissions, Et, generated during production. We assume in the model

that production – but not consumption - inevitably produces CO2 emissions. Assuming

a proportional relationship to the capital stocks employed, emissions in period t are given

by:

Et = γKt + µMt. (5)

The emission coefficients γ > µ > 0 capture the emission intensities of the dirty and

the clean production technology, respectively, with mitigation capital having an envi-

ronmental advantage. We do not model the process of technological development or

learning-by-doing, but simply assume that there are two technologies available that differ

in their cost and emissions characteristics and then analyze the investment process.

St marks the level of cumulative CO2 emissions in the atmosphere that have accumu-

lated due to fossil fuel combustion since the start of the industrial revolution, raising total

cumulative atmospheric CO2 emissions, STOTt , above their pre-industrial level, denoted

by SPI :

STOTt = SPI + St. (6)

Due to the thermal inertia of the climate system, there is a lag between the release

of CO2 and its impact on the global temperatures. St comprises only the emissions

generated from production during past periods; hence, period t emissions cause climate

damages not earlier than in period t+ 1. While it is straightforward to include a simple

representation of the carbon cycle, we refrain from doing so for the sake of simplicity.10

The CO2 accumulation function then reads:

St = St−1 + Et−1, (7)

10See Buckle [12] for one way in which this can be done. Currently only about 45% of the CO2 emitted
from anthropogenic sources cumulates in the atmosphere, and the rest is absorbed by natural carbon
sinks on land and in the oceans (Canadell et al. [13]).
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with particularly

St+1 = St + γKt + µMt (8)

ST = St + γKt + µMt + γKt+1 + µMt+1. (9)

2.4. Global warming

The accumulation of GHGs in the atmosphere leads to an intensified trapping of

longwave radiation and results in global warming (Treut et al. [47]). Radiative forcing

measures the change in the energy balance of the Earth-atmosphere system in response

to an alteration of its determining factors (Forster et al. [18]). The radiative forcing Ft

relative to the neutral level giving rise to global warming within period t is approximated

by Myhre et al. [30]11:

4Ft = 5.35 ln
(
STOTt

SPI

)
. (10)

The related global average temperature anomaly is given by:

4Tt = Λ4Ft. (11)

While there exists an agreement on an approximately linear relationship between

temperature rise 4Tt and radiative forcing, the true value of the climate sensitivity Λ,

which depends on climate feedback processes, is uncertain (Forster et al. [18], Ramaswamy

et al. [40]).

Plugging (10) into (11) and using (6), the following linear approximation for global

warming is valid for a range of cumulative CO2 emissions above the pre-industrial level:

4Tt ' 5.35Λ
(
St
SPI

)
. (12)

2.5. Climate damages

Rapid, human-induced climate change is anticipated to trigger a wide range of adverse

impacts (IPCC [24]). In line with the IAMs briefly discussed in the introduction, climate

11Ramaswamy et al. [40] compile further estimators.
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damages Dt in SLICE are assumed to increase non-linearly with temperature, and their

costs are approximated by the following damage function:

Dt = v(4Tt)ψ, (13)

where v > 0 translates the exposure and vulnerability to climate change into costs12,

diminishing the resources available for consumption and investment. The exponent ψ > 0

reflects the likely non-linearity of climate damages in response to temperature increases.

The parameter values for such a damage function will vary across regions and sectors, and

together with the shape of the damage function(s) also the derivation and value of such a

global damage function exponent are under debate (Ackerman et al. [2]). For simplicity

of our stylized model, we assume that ψ = 2, though it would be straightforward to use

other values. Defining

b ≡ v

(
5.35Λ
SPI

)2

, (14)

and using (12) and (13), we can write the damage function as

Dt = b(St)2, (15)

furthermore

Dt+1 = b(St + γKt + µMt)2 (16)

DT = b(St + γKt + µMt + γKt+1 + µMt+1)2. (17)

The social planner faces the following resource restriction:

Ct = Yt − Icostt −Dt. (18)

In contrast to most IAMs, including PAGE and models of the DICE/RICE family, in

which climate damages are multiplicative in that sense that they rise and fall with the

12We therefore ignore the possibility that, for some limited temperature increases, climate change
could bring positive net benefits.
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level of output, here damages are modelled as additive. This approach addresses some

of the criticisms against the standard approach of climate damage modelling, laid out

in the introduction. First, climate damages Dt are neither necessarily tied nor related

to output in a given period. Second, in this setup damages may well reduce resources

available for consumption and investment as well as erode the manufactured capital stock.

Damages may even exceed the total resources available to the economy. Finally, at least

conceptually, it is straightforward to relate these damages to the impact of climate change

on ecosystem goods and services, which are not included in standard GDP computations

so that related damages should not be assumed to correlate with output, though we side-

step the well-known and considerable philosophical and practical problems of monetizing

the (present) value of ecosystem goods and services. Climate damages in general could

be a combination of both multiplicative and additive element (Weitzman [51]), but since

multiplicative damages have been studied extensively elsewhere, we focus here on the

implications of additive climate damages.

2.6. Catastrophic climate damage, discontinuities and limits to substitution

In an attempt to incorporate the risk of catastrophic, non-manageable climate dam-

ages in a straightforward way in the model, we assume that the vulnerability to climate

change b is highly non-linear above a certain threshold level of cumulative CO2 emissions

Ω, so that it is possible that the economy loses its entire resource endowment if cumu-

lative carbon emissions exceed this threshold. In this setup, b can be approximated as

follows:

b(Si) =


b if Si ε [0; Ω] with pr = 1

b if Si ε ]Ω;∞[ with pr = Ω
Si

∞ if Si ε ]Ω;∞[ with pr = 1− Ω
Si
,

for i = t, t+ 1, T (19)

where pr denotes the probability. Following Weitzmann’s conclusions13 that the disu-

tility from low-probability, high-impact damages may not be averaged, a rational and

responsibly acting social planner will aim to reject any risk of catastrophic climate dam-

13As briefly summarized in the introduction.
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ages and always ensure that cumulative carbon emissions do not exceed that threshold:

Si ≤ Ω for i = t, t+ 1, T (20)

in order to avoid reaching an area of the damage function where large discontinuities

are present, i.e. take a precautionary approach.14

Put differently, Ω denotes the amount of cumulative carbon emissions above which

damages cannot be compensated by marginal income gains in the form of additional

man-made goods, or, alternatively, where the limits to substitution between man-made

goods and environmental goods, here affected by changes to the climate, are reached.

2.7. Sustainable preferences

Chichilnisky (1995) characterized the nature of sustainable preferences as exhibiting

sensitivity to both the present and the long-run future and specifying trade-offs between

them. She provided a decomposition of a sustainable criterion of welfare into two compo-

nents. The first is the usual discounted utility stream over time, while the second includes

a finite and purely additive measure providing a weight to the very long run utility.

Within our model, utility gained in period t + 1 is still discounted with a discount

factor 0 < β ≡ 1
1+θ < 1, with θ denoting the pure rate of time preference. This factor does

not reflect discrimination, but the impatience of economic agents alive in both periods t

and t+ 1.

We assume that for discounted productivity always

β(1 + p) > 1 ⇐⇒ p > θ (21)

holds, otherwise no investment would take place even in absence of any climate dam-

ages.

In addition, we also need to include a term that represents the future climate dam-

ages due to the agent’s economic activity and emissions in the earlier two periods. The

degree to which the planner’s concern for the future weighs against her desire for present

14We assume in the following that exogenous period t and t+1 carbon stocks are below Ω, thus St < Ω
and St+1 < Ω are fulfilled.
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discounted consumption within the model is captured by the parameter φ > 0, which in

general may be a function of technology or endowments.

To summarize, in SLICE, the social planner therefore maximizes welfare W as fol-

lows15:

max
Ct, Ct+1

W = Ut(Ct) + βUt+1(Ct+1)− φ ·DT , (22)

2.8. The optimization problem

We plug in equations (3), (4) and (15)-(17) into (18). Combining (18) with (22), using

(1), embedding (2) and allowing for (20), we can set up the following Lagrange function

to be maximized over Kt+1 and Mt+1:

max
Kt+1,Mt+1

Z = p(Kt +Mt)− (Kt+1 −Kt)− (1 + ζ)(Mt+1 −Mt)

− Ψ
2 (Mt+1 −Mt) ·max (Mt+1 −Mt; 0)− b(St)2

+ β
[
(1 + p)(Kt+1 +Mt+1)− b(St + γKt + µMt)2

]
− φb

[
(St + γKt + µMt + γKt+1 + µMt+1)2

]
+ λ1(Ct − f)

+ λ2(Ct+1 − f) + λ3[Ω− St − γKt − µMt − γKt+1 − µMt+1] (23)

with Kuhn-Tucker conditions

∂Z

∂Kt+1
≤ 0; Kt+1 ≥ 0; Kt+1 ·

∂Z

∂Kt+1
= 0 (24)

∂Z

∂Mt+1
≤ 0; Mt+1 ≥ 0; Mt+1 ·

∂Z

∂Mt+1
= 0 (25)

∂Z

∂λi
≥ 0; λi ≥ 0; λi ·

∂Z

∂λi
= 0 for i = 1, 2, 3. (26)

The terms associated with Lagrange parameters λ1 and λ2 ensure that restriction

(2) ensuring non-zero consumption is fulfilled; the last term of (23) embeds the carbon

15It could be argued that damages accruing in the long term should be measured in utility units, but
due to the linear utility function this would not make a difference here.
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constraint (20) in the optimization problem. Relevant first order conditions16 are

∂Z

∂Kt+1
= −1 + β(1 + p)− 2φbγ(St + γKt + µMt + γKt+1 + µMt+1)

− λ1 − λ3γ ≤ 0 (27)
∂Z

∂Mt+1
= −(1 + ζ)−Ψ ·max (Mt+1 −Mt; 0) + β(1 + p)− 2φbµ(St + γKt + µMt

+ γKt+1 + µMt+1)− λ1 [(1 + ζ) + Ψ ·max (Mt+1 −Mt; 0)]− λ3µ ≤ 0 (28)
∂Z

∂λ1
= p(Kt +Mt) +Kt −Kt+1 − (1 + ζ)(Mt+1 −Mt)

− Ψ
2 (Mt+1 −Mt) ·max (Mt+1 −Mt; 0)− b(St)2 − f ≥ 0 (29)

∂Z

∂λ3
= Ω− St − γKt − µMt − γKt+1 − µMt+1 ≥ 0. (30)

3. Optimal solutions

3.1. Overview

In this chapter, we derive the optimal solutions to six different scenarios. In the first

scenario, only the dirty technology is employed by the economy. Scenario 2 considers the

optimal outcome of a mixed scenario with partial adoption of the clean technology, and

in scenario 3 a complete transition to clean technologies takes place. In scenario 4 and 5

we scrutinize the consequences of a binding constraint on resources and carbon emissions,

respectively. Scenario 6 elucidates the implications of an alternative specification of the

long-term weighting factor.

3.2. Scenario 1: no adoption of clean technology

In this baseline case, clean technology is either not available or its adoption too

expensive, hence Mt = Mt+1 = 0. For an interior solution17 to emerge in absence of clean

technologies, the Kuhn-Tucker conditions are to be fulfilled as λ1,2,3,
∂Z

∂Kt+1
= 0, ∂Z

∂Mt+1
< 0,

so that Ct, t+1 ≥ f, Kt+1 ≥ 0 and the carbon constraint does not bite.18 From the first

16In the following we always assume that λ2 = 0 so that Ct+1 ≥ f .
17Referring to Ct,t+1 ≥ f .
18There are regions in the endowment parameter space (Kt, St), where economic activity is just not

feasible since climate damages overwhelm economic resources in one or both of the initial periods. There is
also a large region where economic activity is feasible and the social planner will either invest or disinvest,
depending on initial endowments. For a detailed analysis of these different scenarios in absence of clean
technologies see Buckle [12].
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order condition for dirty capital stock (27) we can easily derive the optimal period t+ 1

capital stock and, from (9), optimal long-term cumulative carbon emissions, ŜT :

K̂t+1 = V̂t+1 = β(1 + p)− 1
2φbγ2 − St

γ
−Kt (31)

ŜT = β(1 + p)− 1
2φbγ . (32)

Effectively the social planner chooses investment or disinvestment levels to attain

this unique carbon budget, at which point the short-term marginal economic benefit of

emitting an extra unit of CO2 from production at t+1 is equal to the marginal long-term

damage caused. The optimal carbon budget is independent of initial capital and CO2

endowments; the higher the initial level of cumulative CO2 due to endowments of CO2

and capital, the lower will be optimal emissions and production in period t+ 1.

It is worth briefly looking at the comparative statics resulting from different values

of the emissions coefficient γ and its impact on marginal benefits and damages. We

rearrange (27) for the purpose of illustration:

1
γ

(β(1 + p)− 1) = 2φb(St + γKt + γKt+1). (33)

Equation (33) shows marginal net benefits of an additional unit of CO2 in terms of the

present value of consumption on the left hand side and its marginal long-term damage

costs on the right hand side. For a lower value of γ, the marginal benefit of an additional

emissions unit rises, as more production per emissions unit can take place. Marginal

long-term damages would also be lower due to a lower level of committed emissions from

the initial capital endowment. For these reasons, the social planner would optimally

increase period t + 1 capital and accept higher cumulative period T emissions as well

as higher absolute long-term climate damages. Further additions to period t + 1 capital

in reaction to further reductions in the emissions intensity could continue until either

resource constraints, or at ST = Ω the limits to substitution between man-made goods

and changes to the climate are reached.
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3.3. Scenario 2: partial adoption of clean technology

We now examine the case in which the dirty and clean technologies are both de-

ployed for production in period t+ 1. The Kuhn-Tucker conditions must then hold with

λ1,2,3,
∂Z

∂Kt+1
, ∂Z
∂Mt+1

= 0, so that Ct, t+1 ≥ f, Kt+1, Mt+1 ≥ 0. Confining ourselves to the

practically interesting case of positive investment in clean technology (i.e. Mt+1 > Mt),

from (27) and (28) we obtain

Kt+1 = β(1 + p)− 1
2φbγ2 − St

γ
−Kt −

µ

γ
Mt −

µ

γ
Mt+1 (34)

Mt+1 = β(1 + p)− (1 + ζ)−Ψ(Mt+1 −Mt)
2φbµ2 − St

µ
− γ

µ
Kt −Mt −

γ

µ
Kt+1, (35)

which in combination provide

M∗
t+1 = Mt + 1

Ψ

((
1− µ

γ

)
(β(1 + p)− 1)− ζ

)
. (36)

Equation (36) illustrates the path dependency of clean technology investment. The

more intense the penetration of the economy by clean technologies in period t, the higher

the level of mitigation capital in period t+ 1. The size of the price differential, ζ, relative

to the first term within the bracket determines whether or not mitigation capital is

enhanced. M∗
t+1 > Mt holds for a sufficiently small price differential:

(γ − µ) β(1 + p)− 1
γ

> ζ. (37)

The smaller the price premium and the greater the environmental advantage of the

clean technology, the more it is adopted. The scale of clean technology adoption is deter-

mined by the adjustment cost parameter ψ. The level of clean-technology investment is

extremely sensitive to the price differential if adjustment costs are small, and unresponsive

if adjustment costs are high, since

∂M∗
t+1

∂ζ
= − 1

Ψ . (38)
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Plugging (36) into (34), we obtain

K∗
t+1 = β(1 + p)− 1

2φbγ2 − St
γ
−Kt − 2µ

γ
Mt −

µ

γ

1
Ψ

((
1− µ

γ

)
(β(1 + p)− 1)− ζ

)
. (39)

Comparing K∗
t+1 with the optimal level of capital at t+ 1 in the case of no adoption

of clean technologies, K̂t+1, from equation (31), we realize that K∗
t+1 < K̂t+1, thus a

crowding out of traditional capital investments takes place. The greater the difference

between emissions coefficients and the more widespread the clean technology at the outset,

the more dirty capital is substituted by clean capital. M∗
t+1 is not affected by changes

to the initial endowments of dirty capital and CO2, Kt and St, since any increase in

exogenous carbon emissions is compensated by reductions in K∗
t+1 only.

This behaviour is best understood from a diagram. From (27) and (28) we isolate the

marginal benefits MBK , MBM and marginal long-term costs MCK , MCM of emitting

an additional unit CO2 in period t+ 1:

MBK ≡ 1
γ

(β(1 + p)− 1) (40)

MBM ≡ 1
µ

[β(1 + p)− (1 + ζ)−Ψ ·max (Mt+1 −Mt; 0)] (41)

MCK = MCM ≡ 2φb(St + γKt + µMt + γKt+1 + µMt+1). (42)

We display them together with period t + 1 CO2 emissions in Figure 1. The joint

marginal cost curve is increasing in CO2 emissions. The marginal benefits of dirty capital

(emissions) are constant. For Mt+1 < Mt, no adjustment costs apply and the marginal

benefits curve for clean capital (emissions) is flat, too. The bold line marks the joint,

best choice marginal benefit curve. The social planner accumulates clean capital until

increasing adjustment costs cause the marginal benefits of clean technology emissions to

fall below those of the dirty technology emissions. If the exogenous initial cumulative

CO2 emissions increase, a scenario depicted by S1
t < S2

t , the joint marginal cost curve

shifts upwards, reducing the optimal level of dirty capital at t + 1, but leaving clean

capital unaffected.

18



MK

MK

MCMC

MBMB

,

,,

1+tE

tMµ

1+tMµ 1

1+tKγ

MMB

11

MK MCMC =

KMB

22

MK MCMC =

2

1+tKγ

21
tt SS <

Figure 1: Investment response to an increase in exogenous, initial cumulative CO2 emissions

By adding up (39) and (36), we obtain the total period t+ 1 capital stock V ∗
t+1:

V ∗
t+1 = β(1 + p)− 1

2φbγ2 − St
γ
−Kt + (1− 2µ

γ
)Mt + (1− µ

γ
) 1
Ψ

((
1− µ

γ

)
(β(1 + p)− 1)− ζ

)
.

(43)

For Mt = 0 or µ < 0.5γ we can conclude that adoption of clean technology will al-

ways increase capital compared to the dirty-technology-only scenario, thus V ∗
t+1 > V̂t+1.19

Clean technology adoption will therefore enhance the discounted consumption stream,

even though the resources available for period t consumption will be reduced in propor-

tion to the investment in more costly mitigation capital. This is what we call the “growth

envelope of mitigation”.

The solutions for optimal dirty and clean capital stock, (39) and (36) respectively,

19For µ > 0.5γ and a high initial endowment of mitigation capital where | (1 − 2µγ )Mt |> (1 −
µ
γ ) 1

Ψ

((
1− µ

γ

)
(β(1 + p)− 1)− ζ

)
, the further growth of the clean capital stock does not compensate

for reductions of the dirty capital stock. The intuition for this is as follows: From (36) it is apparent that
M∗
t+1 will always be chosen larger thanMt, regardless of how high the initial endowment ofMt has been.

However, high values of Mt imply that large shares of the cumulative emission budget (44) are already
consumed in periods t and t+ 1. The enhancements in mitigation capital stock do not compensate the
disinvestments in the dirty capital stock necessary to attain the optimal carbon budget.
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plugged into (9) deliver the same optimal carbon budget as in the case in which only the

dirty technology is used:

S∗
T = β(1 + p)− 1

2φbγ = ŜT . (44)

It is worth noting that the optimal carbon budgets in scenarios 1 and 2 are already

significant departures from Business as Usual trajectories where long-term damages are

ignored. However, the employment of clean capital does not reduce cumulative emissions

relative to scenario 1. Instead, the technology mix allows the planner to exploit the

carbon budget more efficiently, and the expansion of total capital, compared to the dirty-

capital-only scenario, comes at no additional environmental cost. This key result relates

to the conclusions of Popp [38, 39]. In his ENTICE-BR model, he finds that endogenous

technical progress, where investments can be taken to improve energy efficiency or lower

the operational costs of a backstop technology, boosts intertemporal welfare, but leaves

the environmental variables such as emissions and temperature rise almost unchanged.

He concludes that these welfare gains are almost exclusively driven by cost savings that

help to realize the optimal emissions path cheaper and that green innovation on its own

is not sufficient to bring down emissions.

3.4. Scenario 3: full switch to clean technology

A complete transition to the clean technology can take place, when its long-term

marginal cost curve crosses the marginal benefits curve for the clean technology above

the horizontal dirty technology marginal benefits curve. The Kuhn-Tucker conditions in

this case are λ1,2,3,
∂Z

∂Mt+1
= 0, ∂Z

∂Kt+1
< 0, so that Ct, t+1 ≥ f, Mt+1 ≥ 0 and K∗

t+1 = 0.

Assuming an expansion of clean capital, Mt+1 > Mt, from (28) we derive

M̈t+1 = β(1 + p)− (1 + ζ) + (Ψ− 2φbµ2)Mt − 2φbµ (St + γKt)
Ψ + 2φbµ2 . (45)

With the complete switch from dirty capital, M̈t+1 is now dependent on past emissions.

Long-term cumulative emissions are described by
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S̈t+1 = µ [β(1 + p)− (1 + ζ) + 2ΨMt] + Ψ (St + γKt)
Ψ + 2φbµ2 . (46)

In this model, M̈t+1 and S̈t+1 are arguably understated, first because we do not model

effects from learning-by-doing, reducing the price differential ζ, and second because ad-

justments costs for clean capital accumulation should fall below their initial value once

significant deployment has occurred. In the limit of small adjustment costs20, i.e. Ψ ≈ 0,

we get

...

M t+1 = β(1 + p)− (1 + ζ)
2φbµ2 −Mt −

St
µ

+ γ

µ
Kt (47)

...

St+1 = β(1 + p)− (1 + ζ)
2φbµ . (48)

Neglecting learning-by-doing, the long-term cumulative CO2 emissions will lie in the

range
[...
St+1; S̈t+1

]
.

Since in this scenario the marginal benefits from clean capital emissions are continu-

ously higher than those of dirty capital emissions, this implies that the planner is willing

to cope with a higher level of climate damages, too.21 To conclude, a full switch to clean

technologies optimally leads to higher long-term emissions than their complete avoidance.

This result obtained here and in section 3.2 relate to a well-known issue in environ-

mental economics, the Jevons’ paradox. Jevons [25] made the argument that technical

progress that triggers efficiency improvements of coal extraction and uses, if unaccom-

panied by regulation that enforces limiting of consumption, ultimately led to a rise in

demand for coal, because the service flow per unit of coal was increasing; see also Alcott

[3] for a discussion of Jevons’ theses. The question whether or not efficiency increases are

overcompensated by stirred up demand may be answered differently for different resources

and vary with micro- or macroeconomic investigations, and both theoretical and empiri-

20Or if committed emissions due to initial endowments of capital and initial CO2 levels are so high
that there is no scope for additional investment, so that Mt+1 < Mt.

21Following the same mechanism that was explained in section 3.2 after equation (33).

21



cal investigations are ongoing, with Polimeni and Polimeni [37] providing some empirical

evidence that Jevons’ paradox may hold for energy consumption on the macroeconomic

level in six major world regions.

3.5. Scenario 4: resource-constrained economy

In the resource-constrained case, the planner has insufficient resource available to at

least ensure minimum consumption as well as reach the investment level that is optimal

under no resource restriction, but invests as much as possible until period t consumption

falls to its lower bound f . We investigate the case where still both the dirty and the clean

technology are adopted, which ensues when the Kuhn-Tucker conditions are fulfilled with

λ2,3,
∂Z

∂Kt+1
, ∂Z
∂Mt+1

= 0 and λ1 > 0, so that Ct+1, Kt+1, Mt+1 ≥ 0 and Ct = f , and we also

assume Mt+1 > Mt. From (27) and (28) we obtain:

M̆t+1 = Mt + 1
Ψ

((
1− µ

γ

)(
β(1 + p)
1 + λ1

− 1
)
− ζ

)
(49)

K̆t+1 = β(1 + p)− 1
2φbγ2 − St

γ
−Kt − 2µ

γ
Mt

− µ

γ

1
Ψ

((
1− µ

γ

)(
β(1 + p)
1 + λ1

− 1
)
− ζ

)
− λ1

2φbγ2 . (50)

From a comparison of (36) and (49) it is clear that M̆t+1 < M∗
t+1; the resource-

constrained economy will cut back its investment in the clean technology. No similarly

clear conclusion can be drawn about dirty capital and we do not know whether K̆t+1 <

K∗
t+1 or K̆t+1 > K∗

t+1, as a comparison of (39) and (50) elucidates. In order to solve the

model for this scenario completely, we need to derive λ̆1 by plugging (49) and (50) into

(29), but then we cannot solve for λ̆1 analytically.

We nevertheless can derive some important conclusions. λ1 denotes the marginal

utility gain for the case that the investment budget constraint is slackened by one unit

of initial resource endowment (lowering f or enhancing Yt); that unit being used for

investment. Since capital investments exhibit constant production returns, but lead to

rising climate damages, their total returns are declining. Hence, the marginal utility gains

from relaxing the budget constraint are declining, too. Therefore, a high λ1 is associated
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with a small investment budget, whereas a low λ1 correspondends to a comparatively

high level of investment.

Equations (51) and (52) describe the marginal investment responses in reaction to an

investment budget cut that leads to a loss of a marginal utility unit:

∂M̆t+1

∂λ1
= − 1

Ψ
β(1 + p)
(1 + λ1)2 (1− µ

γ
) (51)

∂K̆t+1

∂λ1
= µ

γ

1
Ψ
β(1 + p)
(1 + λ1)2 (1− µ

γ
)− 1

2φbγ2 . (52)

From the sign of (51) we see that resource constraints always reduce the level of

M̆t+1 and that the tighter the budget becomes (the higher λ1), the less clean technology

investments are cut. This investment behaviour is simply necessary to maintain a M̆t+1 >

0 in this scenario. The lower the adjustment costs Ψ, the more units of clean capital

investment are abandoned relative to a scenario with a larger or unconstrained budget,

as for low adjustment costs one unit of budget buys more clean capital. Turning now to

the dirty technology, as the first term in (52) is positive, but declining in λ1, it is feasible

that for certain parameter constellations and a gentle budget constraint (low λ1) that the

social planner accumulates more dirty capital than in the optimal unconstrained case.

Such a situation is illustrated in Figure 2. When the budget becomes tighter, λ1
1 < λ2

1,

the marginal benefit curve of the clean technology falls more rapidly than that of the

dirty technology, as it is apparent from a comparison of the first order conditions (27)

and (28) for λ1
1 < λ2

1. In the scenario depicted, mitigation capital investments are cut,

while dirty capital investments slightly increase.

The social planner will clearly need to curtail both capital stocks if he or she faces

a very limited budget. Dirty capital investments will fall, once the absolute value of

the second term in (52) becomes larger than the first, which happens for sufficiently

large values of λ1, or severe resource constraints. It makes perfect sense to economize

on clean capital first; with a binding budget constraint cost considerations become more

significant and the competitive advantage of the clean technology is reduced. However,

while maintaining or even extending the dirty capital stock at cost of the clean one may
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Figure 2: Investment response to a tightening budget

be the optimal strategy under resource constraints, this could hinder clean technology

investment due to its path dependency at a point in time beyond the time horizon of this

model.

With investment levels lower than desired, the total capital stock V̆t+1 must be smaller

than V ∗
t+1. Cumulative emissions in the long-term are similarly reduced:

S̆T = β(1 + p)− 1
2φbγ − λ1

2φbγ2 , (53)

even if dirty capital investments grow compared to the unconstrained scenario.

3.6. Scenario 5: binding carbon constraint

We now turn to scenarios in which the economy must limit its cumulative carbon

emissions in order to avoid catastrophic climate damage, i.e. ST = Ω.

With dirty technology only, Mt = Mt+1 = 0, the Kuhn-Tucker conditions fulfill

λ1,2,
∂Z

∂Kt+1
= 0, ∂Z

∂Mt+1
< 0, λ3 > 0 so that Ct, t+1 ≥ f, Kt+1 ≥ 0, and from (27) and

(30) we can easily derive
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Ǩt+1 = Ω
γ
− St
γ
−Kt (54)

λ̌3 = β(1 + p)− 1
γ

− 2φbΩ. (55)

The shadow value λ̌3 reflects the welfare gain from a marginal slackening of the carbon

constraint, perhaps reflecting new scientific findings that a higher amount of cumulative

carbon emissions still avoids the risk of disastrous climate change with certainty. λ̌3 is

decreasing in Ω, since the marginal benefits of capital investment are declining due to

increasing climate damages.

When it is optimal to deploy both technologies, i.e. ∂Z
∂Mt+1

= 0 and both Kt+1, Mt+1 >

0, by combining (27), (28) and (30) we obtain

K̃t+1 = Ω
γ
− St
γ
−Kt − 2µ

γ
Mt −

µ

γ

1
Ψ

((
1− µ

γ

)
(β(1 + p)− 1)− ζ

)
(56)

M̃t+1 = Mt + 1
Ψ

((
1− µ

γ

)
(β(1 + p)− 1)− ζ

)
(57)

Ṽt+1 = Ω
γ
− St
γ
−Kt + (1− 2µ

γ
)Mt + (1− µ

γ
) 1
Ψ

((
1− µ

γ

)
(β(1 + p)− 1)− ζ

)
.(58)

λ̃3 = β(1 + p)− 1
γ

− 2φbΩ. (59)

Comparing (56) and (36), we realize that M̃t+1 = M∗
t+1, and λ̌3 = λ̃3. Hence, the

fact that there is a hard limit to cumulative carbon emissions does not affect the clean

capital investment plan, and the shadow value λ̃3 remains independent of any parameter

defining the clean technology’s properties (Ψ, ζ and µ).

Comparing the optimal capital stocks in the mixed and in the dirty-technology-only

scenarios with each other, we see that K∗
t+1 − K̃t+1 = K̂t+1 − Ǩt+1 = β(1+p)−1

2φbγ2 − Ω
γ
> 0

always holds. Whether or not a clean technology is used, the burden of meeting the carbon

constraint is therefore borne by the dirty capital stock only, as illustrated in Figure 3.

A non-binding carbon constraint Ω1 poses no problem to the economy, which invests as

described in scenario 2. When the carbon constraint bites, Ω2 < Ω1, the economy reduces

its dirty capital investments to limit long-term cumulative emissions to Ω2.With a biting
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Figure 3: Investment response to a tightening carbon constraint

carbon constraint, investment in clean capital capital investment will only be curtailed,

if the period t+ 1 dirty capital stock has already been set to zero.

Similar conclusions to those derived in section 3.3 for the relationship between V ∗
t+1 and

V̂t+1 hold for the relationship between Ṽt+1 and V̌t+1. The growth envelope of mitigation

enables the economy facing a binding carbon constraint to reach higher levels of economic

growth and welfare.

Although we do not model technical progress, we nevertheless can draw some im-

portant related conclusions. First, if we compare the optimal capital stocks of the two

dirty-technology-only scenarios under no constraint (31) and under the carbon constraint

(54), we realize that while emission-saving technical progress (i.e. reductions in γ) in-

creases welfare in both scenarios, productivity-enhancing technical progress in p will not

increase investment in dirty capital in the carbon-constrained scenario. We observe a

weaker, but similar property also when a clean technology is available, by differentiating

(58) and (43) with respect to p and comparing:

∂Ṽt+1

∂p
= β

Ψ

(
1− µ

γ

)2

<
∂V ∗

t+1
∂p

= β

2φbγ2 + β

Ψ

(
1− µ

γ

)2

(60)

26



Under a binding carbon constraint, a higher capital productivity still allows more sub-

stitution from dirty to clean capital and thereby an overall higher level of investment,

but the overall growth-enhancing effect is lower than in the unconstrained case, since the

dirty capital stock cannot be expanded.

3.7. Scenario 6: modified long-term weighting factor

Do emission-saving technical progress or an increased initial resource endowment only

define the conditions under which production and consumption take place or do they also

have an impact on the preferences over long-term damages? If the latter is true, the

question then arises, would the availability of a clean technology or a larger resource en-

dowment encourage the social planner to give a greater or smaller weighting to long-term

damages? To examine this case, we treat φ not as a parameter, but a function of resource

endowments and technological characteristics. Confining ourselves here just to the case

when φ = Φ(γ, µ), if ∂Φ
∂γ
, ∂Φ
∂µ

< 0, then the planner will care more about long-term dam-

ages as capital gets cleaner. Conversely, if ∂Φ
∂γ
, ∂Φ
∂µ

> 0, then such improvements would

lead to less emphasis on the long term relative to the short term. To give a concrete

example, if we substitute ΦDIRTY ≡ φ
γ
in the dirty-technology-only case, long-term cu-

mulative emissions ŜT reported in (31) become insensitive to the emissions coefficient.

If the dirty technology becomes cleaner so that less emissions are created per unit of

output, the simultaneous change to the planner’s preferences would offset the increase

in the marginal benefits of emitting an additional unit of CO2. When a mixed solution

occurs and both the dirty and the clean technology are used, because ΦMIXED > ΦDIRTY ,

long-term cumulative emissions would fall below the optimal dirty-technology-only level,

whereas in the case where φ was independent of γ and µ, optimal cumulative emissions

were insensitive to a partial adoption of clean technology. Finally, in contrast to the re-

sults of scenario 3, emissions would be lowest in the complete transition scenario, where

ΦCLEAN ≡ φ
µ
.

4. Robustness checks

Probably the two strongest assumptions of this model are those of constant marginal

returns to consumption and to capital. With declining marginal utilities, consump-
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tion would no more be perfectly substituable intertemporally, and we would observe a

smoother consumption pattern over time. However, this would not affect the qualitative

results and leave the direction of the identified effects unchanged.

Regarding the linear production function, we now briefly analyze the consequences

of relaxing this assumption. Assuming that dirty and mitigation capital remain perfect

substitutes in production, but that their marginal productivities decline, we set α < 1 in

(3). Redoing the optimization for scenario 2, in which both technologies are deployed,

we can no longer derive an analytical solution, but can still provide expressions for the

marginal cost and benefit curves. For simplicity, we set Mt = 0:

MBK ≡ 1
γ

[
β(1 + p)α(Kt+1 +Mt+1)α−1 − 1

]
(61)

MBM ≡ 1
µ

[
β(1 + p)α(Kt+1 +Mt+1)α−1 − (1 + ζ)−Ψ ·Mt+1

]
(62)

MCK = MCM ≡ 2φb(St + γKt + γKt+1 + µMt+1). (63)

For the level of initial exogenous cumulative emissions S1
t , we have drawn theMB1

K , MB1
M

and joint MC1
K = MC1

M curves in Figure 4. Now both marginal benefit curves have a

negative slope, but due to the adjustment costs the clean capital marginal benefit curve is

steeper. The intersection of theMB1
K and theMB1

M curve determines optimal clean cap-

ital (emissions) of period t+ 1, while optimal dirty capital (emissions) are still identified

by the optimality condition MB1
K = MC1

K .

We investigate the investment responses to a rise of exogenous initial cumulative CO2

emissions, S1
t < S2

t . As a consequence, the joint marginal cost curve shifts upwards, now

labelled as MC2
K = MC2

M , and dirty capital, Kt+1, is reduced. From equation (62), we

see that in this case the clean capital marginal benefit curve moves upwards and becomes

steeper22, MB2
M , boosting clean capital (emissions). This increase in clean capital lowers

the marginal benefits of dirty capital production, so that the new MC2
K curve lies below

the formerMC1
K curve.23 To summarize, for a production function that exhibits declining

22The new MB2
M curve assymptotically approaches, but never crosses the MB1

M curve.
23Of course, this induces a further reduction in dirty capital, then further accumulation of clean capital
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returns to scale, an increase of initial exogenous cumulative CO2 emissions reduces the

total capital stock, but clean capital crowds out dirty capital. The fact that the new

MC2
K and MB2

K curves cross each other at a higher level implies that larger long-term

cumulative emissions than before are tolerated; the reduction of period t + 1 emissions

does not fully compensate the exogenous rise of initial cumulative CO2. Both these

results stand in some contrast to our earlier analysis from section 3.3, where for a linear

production function a rise of initial exogenous cumulative CO2 led to reductions of the

dirty capital stock only, while mitigation capital and long-term cumulative emissions were

unaffected (see Figure 1).
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Figure 4: Declining marginal returns to production: investment response to an increase in exogenous,
initial cumulative CO2 emissions

Numerical simulations24 demonstrate that the other key results derived in section 3.3

still hold: Whether or not a partial adoption of clean technology takes place, the optimal

level of cumulative period T emissions remains the same. Clean capital still expands the

growth envelope and crowds out dirty capital.

and so on. This process comes ultimately to an end due to the increasing adjustment costs; the diagram
shows the new equilibrium position of the curves tagged with the upper index “2”.

24Available on request.
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5. Conclusions

We have developed a novel stylized model that investigates the adoption of clean

technology and the determination of the optimal carbon budget in a framework where the

social welfare function reflects both a concern for discounted short-term utility determined

by the consumption level on the one hand and long-term climate damages on the other.

In contrast to many IAMs of climate change, damages are assumed to be additive rather

than multiplicative and the introduction of clean technology is treated as an investment

rather than as an irreversible loss of income.25 We also incorporate into our analysis the

impact of adjustment costs on the adoption of clean technology and consider the impact

of both resource constraints and precautionary limits on cumulative emissions.

As well as offering analytical tractability, this approach provides significant new in-

sights. Even though the model operates with an AK production function, the presence of

increasing climate damages limits capital investment and leads to significant mitigation

action relative to a Business as Usual path where long-term damages are fully discounted.

The optimal carbon budget is determined by the equality of the marginal benefits of emit-

ting an additional unit of CO2 from production in period t+1 and the long-term marginal

damages caused by that CO2.

Without accompanying policies or preferences that are sensitive to the emissions char-

acteristics of the technology deployed, the adoption of a clean technology does not reduce

optimal cumulative emissions relative to the case of a single dirty technology. With

partial adoption of the clean technology, cumulative emissions remain unchanged while

the total capital stock and therefore discounted utility increase; clean capital crowds out

dirty capital. Due to rising adjustment costs, the economy’s optimal technology mix is

path-dependent on past investments in clean capital. In case of a complete transition,

cumulative emissions actually rise beyond the levels of the no/partial clean technology

adoption scenarios; the superior environmental efficiency of the clean technology makes a

higher level of investment and emissions economically optimal, despite higher long-term

25We do not however investigate technology cost-reduction measures such as R&D or learning-by-doing.
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damages.

Hence, the adoption of clean technologies may not make a more stringent mitigation

target optimal, but does lead to a more efficient exploitation of the carbon budget, so

that it increases the growth envelope of the economy. For this reason, mitigation must

be viewed as a pro-growth strategy, being the only option that makes higher levels of

economic growth and capital accumulation in the long term feasible.

Of course, the additional costs of investing in clean rather than dirty technology fall on

the present generation, while the mitigation benefits are felt only in the long term. While

this model does not include intergenerational transfers to finance clean technologies, an

obvious extension would be to address these in the context of an overlapping generations

model where investments by generation n in period t are financed through long-term

government debt that is repaid by generation n+ 1 at T , when the benefits of the earlier

clean investments accrue.

In economies that face binding resource constraints (or have a sufficiently small value

of φ), we find that the desired level of cumulative CO2 emissions cannot be attained.

Investments in the more expensive clean technology are curtailed relative to the optimal

case when both clean and dirty technologies are deployed. Dirty capital investments

may even overshoot their optimal level in the case of partial adoption with no binding

resource constraint, which in practice will cement the competitive advantage of the dirty

technology for the future, though we did not explicitly analyze sequential investment

decisions.

We also examined the possibility that cumulative carbon levels can trigger non-

compensable, catastrophic climate damages and that the planner takes this risk seriously.

In the spirit of Ackerman et al. [1], the social planner takes a precautionary approach and

commits to a fixed cumulative carbon target. She or he leaves standard marginal cost-

benefit analysis aside and chooses the least-cost development path to meeting it. Adopting

clean technology still increases the growth envelope of the economy, and investments in

dirty capital are squeezed in this situation. Close to the limits of substitution between

man-made goods and changes to the climate, technical progress in capital productiv-
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ity loses much of its growth-enhancing power. Emissions-reducing technical progress is

then potentially more effective in boosting economic welfare and should therefore have a

greater priority in policy design.

The model has also highlighted the need for further work on the nature of long-term

preferences and their relationships to technology and endowments. We noted the possibil-

ity that a smaller cumulative carbon budget than in the case of a single dirty technology

would be optimal if the adoption of a clean technology also led to an increased weighting

on long-term climate damages. While we are not aware of research that has explicitly

considered this issue, the potential for technological developments to influence our ethi-

cal judgements seem clear in the medical arena and might also apply to environmental

questions.
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